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Introduction {#sec001}
============

Lung hypoplasia and pulmonary hypertension are the major causes of mortality in neonates with congenital diaphragmatic hernia (CDH). Although the etiology of lung hypoplasia or pulmonary hypertension varies, lung development in the fetal period is associated with the prostaglandin pathway, wherein prostacyclin regulates fetal pulmonary vascular tone and lung vessel development. Postnatal administration of prostaglandin analogues such as epoprostenol might therefore be considered as a promising treatment strategy; however, the efficacy of this treatment is reportedly limited, at least in part because of the timing of the treatment or development of drug resistance, which is known to be substantial for commercially available prostaglandin analogues.

The nitrofen-induced CDH rat model is a well-established experimental model, which recapitulates the pulmonary abnormalities observed in human CDH, including lung hypoplasia and pulmonary vascular remodeling. Some possible prenatal treatments were previously tested using this model, which were found to decrease the pulmonary vasculature, including steroids \[[@pone.0161334.ref001]\], sildenafil citrate \[[@pone.0161334.ref002]\], and retinoic acid \[[@pone.0161334.ref003]\]. However, these previous reports for treating fetal lung hypoplasia required frequently repeated administration of the drugs, and clinical trials have not yet been realized. ONO-1301 is a synthetic prostacyclin receptor agonist that is chemically and biologically stable because of the absence of typical prostanoid structures, and importantly has thromboxane A2 inhibitory activity that minimizes drug resistance \[[@pone.0161334.ref004]\]. Of note, repeated administration of ONO-1301 attenuated pulmonary vascular remodeling and improved survival in a monocrotaline-induced pulmonary hypertension rat model \[[@pone.0161334.ref005]\], in association with upregulation of endogenous vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), and stromal cell-derived factor (SDF)-1 \[[@pone.0161334.ref006]\]. Furthermore, we have developed a polylactic-co-glycolic acid copolymer-polymerized microsphere form of ONO-1301 (ONO-1301SR), which provided a sustained ONO-1301 effect and attenuated monocrotaline-induced pulmonary hypertension in rats with a single injection \[[@pone.0161334.ref007]\].

We therefore hypothesized that prenatal maternal administration of ONO-1301SR might enhance the development of the hypoplastic lung in fetuses with CDH. To test this hypothesis, we used a well-established experimental nitrofen-induced CDH rat model that recapitulates the pulmonary abnormalities observed in human CDH, including lung hypoplasia and pulmonary vascular remodeling \[[@pone.0161334.ref008]\].

Methods {#sec002}
=======

Ethical considerations {#sec003}
----------------------

All procedures and protocols were approved by the Committee on the Ethics of Animal Experiments of the Osaka University Graduate School of Medicine, Suita, Osaka, Japan.

Animal model {#sec004}
------------

Pregnant Sprague-Dawley rats (Oriental Yeast Co., Osaka, Japan) were gavage-fed with 100 mg of the herbicide nitrofen (2,4-dichloro-4-nitrofenil ether; Tokyo Chemical Industry, Tokyo, Japan) dissolved in 1.0 mL of olive oil at embryonic day (E) 9.5 (predicted term: E22, n = 12) as previously described \[[@pone.0161334.ref009]\], whereas control rats received olive oil only (n = 4). The dose and administration timing of ONO-1301SR were determined based on the results of a preliminary study. Of the 12 nitrofen-administered rats, 5 received a single subcutaneous injection of 30 mg/kg ONO-1301SR (Ono Pharmaceutical Co. Ltd., Osaka, Japan) dissolved in saline at E9.5. The following 3 groups were thus generated: control (n = 4), nitrofen administration (n = 7), and nitrofen+ONO-1301SR administration (n = 5). At term (E21.5), the pregnant rats were anesthetized and the fetuses were harvested by cesarean section. Fetuses were weighed and examined for diaphragmatic defects, and the lungs were harvested for further pathobiological evaluation. The fetuses that had macroscopically developed diaphragmatic defects in the nitrofen and nitrofen+ONO-1301SR groups were diagnosed with CDH and were further analyzed.

Assay of ONO-1301 plasma levels {#sec005}
-------------------------------

Maternal and fetal (E21.5) blood was sampled, the fetal blood samples (median n = 15, range: 13--15 fetuses per dam) were pooled (200 μL), and plasma was isolated from these samples by centrifugation at 3,000 rpm for 15 min. Plasma ONO-1301 levels were measured using liquid chromatography tandem mass spectrometry.

Total DNA content in the fetal lung {#sec006}
-----------------------------------

Snap-frozen lungs (n = 5 fetuses per group) were homogenized, and the total DNA of each lung was extracted using a commercially available kit (Genomic-tip 100/G and Genomic DNA Buffer Set; Qiagen, Hilden, Germany). The total DNA content was measured using a spectrophotometer (Multiskan GO; Thermo Scientific, Rockford, IL, USA).

Lung morphometry {#sec007}
----------------

Fetal rat lungs from each group were fixed by tracheal instillation of 10% buffered formalin under a constant pressure of 20 cm H~2~O. After ligation of the trachea, the lungs were immersed in fixative, embedded in paraffin, and sectioned into 4-μm serial coronal sections for further morphometric and immunohistochemical analyses. Sections stained with hematoxylin and eosin (H&E) were used for pulmonary airspace assessment by measuring the mean linear intercept (Lm) as previously described \[[@pone.0161334.ref010]\]. In each sample, 10 fields were measured and their values averaged (n = 6 fetuses per group). Sections in which elastin was stained with van Gieson's stain were used for pulmonary artery (PA) remodeling assessment. The PAs were distinguished from pulmonary veins based on their position and structure. To assess PA remodeling, the percentage of the medial wall thickness was calculated according to the following formula: (2 × medial wall thickness/external diameter) × 100% \[[@pone.0161334.ref011]\]. In each sample, only small PAs (external diameter: 30 to 100 μm) that were approximately round (i.e., maximal diameter of the external diameter did not exceed the minimal diameter by \>50%) were measured and their values were averaged (n = 6 fetuses per group) \[[@pone.0161334.ref012]\]. Morphometric assessments were performed using a Biorevo BZ-9000 system (Keyence, Osaka, Japan) with 400× magnification.

Immunohistochemistry {#sec008}
--------------------

The 4-μm serial coronal sections of the fetal rat lungs were deparaffinized and washed. Epitope retrieval was performed using Target Retrieval Solution (Dako, Glostrup, Denmark). The sections were then washed with phosphate buffered saline and nonspecific binding was blocked with Protein Block, Serum Free (Dako). Primary antibodies targeting the following proteins were used for immunohistochemistry: α-smooth muscle actin (SMA, 1:50, mouse, Dako), prostacyclin receptor (1:150, mouse, Abcam, Cambridge, UK), Ki-67 (1:50, rabbit, Abcam), and Ttf-1 (1:50, mouse, Abcam). The primary antibody staining was visualized using fluorescence-conjugated secondary antibodies (Life Technologies, Grand Island, NY, USA). Isolectin GS-B4 (ILB4, 1:25, Life Technologies) was included during incubation with the secondary antibodies for vascular endothelial cell staining. Hoechst33342 was used after incubation with the secondary antibodies for nuclear counterstaining. The Ki-67-positive cell number was quantified by counting the Ki-67-positive and negative nuclei within the medial layers of the PA that were positive for α-SMA. The ILB4-positive vascular area was quantified by measuring the positive area under 400× magnification. These assessments were performed using a Biorevo BZ-9000 system (Keyence) under 400× magnification.

Quantitative real-time polymerase chain reaction (PCR) {#sec009}
------------------------------------------------------

Total RNA was extracted from the lungs (n = 5 fetuses per group) using the RNeasy Kit and reverse-transcribed using the SuperScript VILO Master Mix (Life Technologies). Real-time PCR was performed using the 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) using primers for *Vegf* (Rn01511601_m1), *Hgf* (Rn00566673_m1), *Sdf1* (Rn00573260_m1), and *Gapdh* (Rn01775763_g1) (Life Technologies). The average copy numbers of the gene transcripts were normalized to those of the *Gapdh* gene.

Total protein content and western blot analysis in the fetal lung {#sec010}
-----------------------------------------------------------------

Snap-frozen lungs (n = 4 fetuses per group) were homogenized on ice in homogenization buffer (RIPA buffer; Thermo Scientific) containing a protease inhibitor cocktail tablet (Roche Diagnostics GmbH, Mannheim, Germany). Homogenized samples were sonicated and centrifuged at 10,000 *g* for 20 min at 4°C. The total protein content in the lung was quantified using a BCA protein assay kit (Thermo Scientific). The total proteins (30 μg per lane) were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and proteins from the gel were then transferred to polyvinylidene fluoride membranes by electroblotting. Immunodetection was performed using a rabbit anti-VEGF polyclonal antibody (Abcam), diluted at 1:1,000, overnight at 4°C. After the blots were washed to remove unbound antibody, an anti-rabbit horseradish peroxidase antibody (Cell Signaling, Danvers, MA, USA), diluted at 1:10,000, was applied as the secondary antibody for 1 h at room temperature. After the membrane was washed, the bands were visualized by enhanced chemiluminescence using ImmunoStar LD (Wako, Osaka, Japan). In addition, each gel was stripped and reprobed with GAPDH to normalize for protein loading.

Statistical analysis {#sec011}
--------------------

Values are expressed as the mean ± SEM. Statistical analyses were performed using JMP software (SAS Institute Inc., Cary, NC, USA). Normality of the data distribution was confirmed by the Bartlett's test. Comparisons of the parameters between 2 groups were performed using one-way ANOVA followed by Tukey's honest significant difference post-hoc test. Statistical significance was defined as *P* \< 0.05.

Results {#sec012}
=======

Rationale underlying maternal administration of ONO-1301SR for treating the fetal lung {#sec013}
--------------------------------------------------------------------------------------

The placental permeability of ONO-1301 was investigated by comparing maternal and fetal plasma ONO-1301 concentrations. The maternal and fetal plasma concentrations of ONO-1301 were significantly correlated ([Fig 1A](#pone.0161334.g001){ref-type="fig"}). The fetal concentration was approximately one-seventh of the maternal concentration, suggesting that ONO-1301 was permeable across the placenta.

![Correlation of the maternal and fetal plasma ONO-1301 concentrations, and the location of prostacyclin receptor (IPR) expression in control fetal lungs and those with congenital diaphragmatic hernia (CDH).\
One-seventh of the maternal blood concentration of ONO-1301 was transferred to the fetal blood at E21.5, demonstrating the efficient placental permeability of this molecule (**A**). Immunohistochemistry images showing coexpression of IPR in α-smooth muscle actin (α-SMA)-positive cells in both control and CDH fetal lungs (**B**).](pone.0161334.g001){#pone.0161334.g001}

In addition, the distribution of the prostacyclin receptor (IPR), the specific ligand of ONO-1301, in the fetal lung was investigated by immunohistochemical labeling. The control and the CDH groups displayed similar IPR distributions in the fetal lungs ([Fig 1B](#pone.0161334.g001){ref-type="fig"}). IPR was predominantly expressed in the α-SMA-positive cells constituting the pulmonary artery, in contrast to the endothelial cells or fibroblasts that showed only slight IPR expression.

Effects of prenatal ONO-1301 on macroscopic development of the fetal lungs {#sec014}
--------------------------------------------------------------------------

Nitrofen was orally administered, with or without subcutaneous injection of ONO-1301SR, to pregnant rats at E9.5 to induce CDH-associated lung hypoplasia. Approximately 50% of the nitrofen-treated fetuses developed macroscopic CDH, and prenatal ONO-1301SR treatment did not influence the incidence of the diaphragmatic defect ([Fig 2A](#pone.0161334.g002){ref-type="fig"}). ONO-1301SR treatment also did not affect the macroscopic development of the other organs.

![Effects of prenatal ONO-1301SR treatment on the macroscopic development of fetal hypoplastic lungs.\
The incidence of congenital diaphragmatic hernia (CDH) (**A**), fetal body weight (**B**), lung-to-body weight ratio (**C**), total DNA (**D**), and total protein content (**E**) in the fetal lung were evaluated in each pup of the control (white bars), nitrofen-induced CDH (black bars), and nitrofen-induced CDH treated with ONO-1301SR (CDH+ONO; gray bars) groups. The values are expressed as the mean ± SEM. \* 0.01 \< *P* \< 0.05, \*\*\* *P* \<0.001 versus control fetuses; \# 0.01 \< *P* \< 0.05, \#\# 0.001\< *P* \< 0.01 versus nitrofen-CDH fetuses.](pone.0161334.g002){#pone.0161334.g002}

The nitrofen-induced CDH fetuses had a significantly smaller body weight at E21.5 than the control fetuses to which nitrofen was not given, whereas the fetuses prenatally treated by ONO-1301SR displayed a significantly greater body weight than the fetuses that did not receive the treatment ([Fig 2B](#pone.0161334.g002){ref-type="fig"}). The lung-to-body weight ratio (LW/BW), an indicator of lung hypoplasia, was significantly lower in the CDH fetuses without the ONO-1301SR treatment than in the controls. In contrast, the fetuses receiving ONO-1301SR treatment displayed a significantly higher LW/BW than those without treatment, and a significantly lower LW/BW than the control fetuses ([Fig 2C](#pone.0161334.g002){ref-type="fig"}). The total DNA and protein contents in the fetal lung, indicators of organ cell mass, were significantly smaller in the fetuses with CDH, regardless of ONO-1301SR treatment, compared to the controls. Although the total DNA content in the ONO-1301SR-treated fetal CDH lungs was not significantly different from that in the fetal CDH lungs without ONO-1301SR, the total protein content in the former group was significantly higher ([Fig 2D and 2E](#pone.0161334.g002){ref-type="fig"}).

Preservation of lung structure in CDH fetuses by prenatal ONO-1301SR treatment {#sec015}
------------------------------------------------------------------------------

The microscopic structure of the lungs in the CDH fetuses was assessed in comparison to the control fetuses by H&E staining. The nitrofen-induced CDH fetuses displayed significantly smaller pulmonary airspaces and lower mean linear intercept values than the controls ([Fig 3A and 3B](#pone.0161334.g003){ref-type="fig"}), whereas CDH fetuses treated with ONO-1301SR displayed preservation of the pulmonary airspace when compared to fetuses without ONO-1301SR treatment ([Fig 3C](#pone.0161334.g003){ref-type="fig"}). The mean linear intercept value in the ONO-1301SR-treated fetuses was significantly higher than that in the fetuses without the treatment ([Fig 3D](#pone.0161334.g003){ref-type="fig"}).

![Preservation of lung structure in fetuses with congenital diaphragmatic hernia (CDH) following prenatal ONO-1301SR treatment.\
Representative hematoxylin-eosin stained lung sections from control (**A**), CDH (**B**), and CDH + ONO-1301SR-treated (**C**) fetuses at 100× magnification. The mean linear intercept (Lm, in μm) in the lungs from the control (white bar; n = 6), CDH (black bar; n = 6), and CDH + ONO-1301SR-treated (gray bar; n = 6) groups are shown (**D**). The values are expressed as the mean ± SEM. \*\* 0.001 \< *P* \<0.01, \*\*\* *P* \< 0.001 versus control fetuses; \# 0.01 \< *P* \< 0.05 versus nitrofen-CDH fetuses.](pone.0161334.g003){#pone.0161334.g003}

In addition, the distribution and quantity of the alveolar epithelium in the CDH fetuses were assessed in comparison to the control fetuses by immunohistolabeling of Ttf-1, a specific marker of type II alveolar epithelial cells. The Ttf-1-positive alveolar epithelium was dispersed in the nitrofen-induced CDH fetal lungs, in contrast to the controls that showed a well-structured Ttf-1-positive alveolar epithelium, whereas the ONO-1301SR-treated CDH lungs displayed preservation of the Ttf-1-positive alveolar epithelium compared to lungs without ONO-1301SR treatment ([Fig 4A](#pone.0161334.g004){ref-type="fig"}). Furthermore, the Ttf-1-positive cell number was significantly smaller in the nitrofen-induced CDH fetuses without, but not with, ONO-1301SR treatment compared to the controls ([Fig 4B](#pone.0161334.g004){ref-type="fig"}).

![Enhanced alveolar development in fetuses with congenital diaphragmatic hernia (CDH) following prenatal ONO-1301SR treatment.\
Representative Ttf-1 immunostaining in fetal lung sections from control, CDH, and CDH + ONO-1301SR-treated pups at 400× magnification (**A**). The percentage of Ttf-1 positive cells determined relative to the total number of cells in the lungs from control (white bar; n = 6), CDH (black bar; n = 6), and CDH + ONO-1301SR-treated (gray bar; n = 6) pups (**B**) are shown. The values are expressed as the mean ± SEM. \*\*\* *P* \< 0.001 versus control fetuses; \#\#\# *P* \< 0.001 versus nitrofen-CDH fetuses.](pone.0161334.g004){#pone.0161334.g004}

In addition, the proliferative activity of the Ttf-1-positive cells in the CDH lungs was compared to that in the control lungs by immunohistolabeling of Ttf-1 and Ki-67. Ttf-1 and Ki-67 double-positive cells were dispersed in the CDH lungs without the ONO-1301SR treatment ([Fig 5A--5C](#pone.0161334.g005){ref-type="fig"}) and were significantly fewer in number ([Fig 5D](#pone.0161334.g005){ref-type="fig"}) than in the control and CDH lungs receiving ONO-1301SR treatment, which did not differ significantly. These results suggest that prenatal ONO-1301SR treatment might have encouraged alveolar development in the nitrofen-induced CDH fetuses.

![Enhanced alveolar epithelial cell proliferation in fetus with congenital diaphragmatic hernia (CDH) following prenatal ONO-1301SR treatment.\
Representative Ttf-1 and Ki-67 immunostaining images of fetal lung sections from control (**A**), CDH (**B**), and CDH + ONO-1301SR-treated (**C**) pups at 400× magnification. The percentage of Ttf-1 and Ki-67 double-positive cells (white arrows) relative to the total number of cells in the lungs from control (white bar; n = 6), CDH (black bar; n = 6), and CDH + ONO-1301SR-treated (gray bar; n = 6) pups (**D**) are shown. The values are expressed as the mean ± SEM. \#\# 0.001 \< *P* \<0.01, versus nitrofen-CDH fetuses.](pone.0161334.g005){#pone.0161334.g005}

Preservation of pulmonary arterial structure in CDH fetuses by ONO-1301SR treatment {#sec016}
-----------------------------------------------------------------------------------

The structure of the pulmonary artery, which was considered to be the major target of the ONO-1301SR treatment, was assessed in the CDH fetuses relative to control fetuses by H&E staining and immunohistolabeling for α-SMA. The pulmonary arterial wall was markedly thickened with a dense accumulation of connective tissues around the artery in the CDH lungs without treatment relative to the controls and the CDH lungs receiving ONO-1301SR treatment, which showed preservation of pulmonary artery structure ([Fig 6A--6C](#pone.0161334.g006){ref-type="fig"}). The medial wall thickness in the CDH lungs without treatment was significantly higher than that in the other two groups, which showed comparable values ([Fig 6D](#pone.0161334.g006){ref-type="fig"}).

![Preservation of pulmonary arterial structure in fetuses with congenital diaphragmatic hernia (CDH) following prenatal ONO-1301SR treatment.\
Representative van Gieson-stained lung sections from control (**A**), CDH (**B**), and CDH + ONO-1301SR-treated (**C**) fetuses at 400× magnification. The medial wall thickness (MWT, %) of control (white bar; n = 6), CDH (black bar; n = 6), and CDH + ONO-1301SR-treated (gray bar; n = 6) groups (**D**). Representative α-smooth muscle actin (α-SMA) and Ki-67 immunostaining in fetal lung sections from control (**E**), CDH (**F**), and CDH + ONO-1301SR-treated (**G**) pups at 400× magnification. The percentage of Ki-67-positive cells relative to the total number of cells within the medial layers of the pulmonary arteries in the lungs from control (white bar; n = 5), CDH (black bar; n = 6), and CDH + ONO-1301SR-treated (gray bar; n = 5) pups (**H**). The values are expressed as the mean ± SEM. \*\*\* *P* \< 0.001 versus control fetuses; \#\#\# *P* \< 0.001 versus nitrofen-CDH fetuses.](pone.0161334.g006){#pone.0161334.g006}

In addition, the proliferation activity of the pulmonary arterial smooth muscle cells in the CDH fetal lungs was assessed in comparison to the controls by immunohistolabeling for α-SMA and Ki-67. The α-SMA-positive layer surrounding the pulmonary artery was markedly thickened with a significantly higher number of Ki-67-positive cells in the CDH lungs without treatment than in the control lungs and those receiving ONO-1301SR treatment, which displayed a comparable number of α-SMA and Ki-67 double-positive cells ([Fig 6E--6H](#pone.0161334.g006){ref-type="fig"}).

Furthermore, the distribution and quantity of the pulmonary vascular bed in the CDH fetal lungs were assessed by ILB4 staining. The ILB4-positive pulmonary vascular bed was well distributed around the alveolar airspace in the controls, whereas the CDH lungs displayed a narrowed ILB4-positive pulmonary vascular bed ([Fig 7A--7C](#pone.0161334.g007){ref-type="fig"}). In addition, the CDH lungs, regardless of ONO-1301SR treatment, displayed a smaller ILB4-positive area than the controls, whereas the CDH lungs receiving ONO-1301SR treatment displayed a larger ILB4-positive area than those without treatment ([Fig 7D](#pone.0161334.g007){ref-type="fig"}).

![Enhanced pulmonary vascular bed development in fetuses with congenital diaphragmatic hernia (CDH) following prenatal ONO-1301SR treatment.\
Representative isolectin B4 (ILB4) staining in fetal lung sections from control (**A**), CDH (**B**), and CDH + ONO-1301SR-treated (**C**) pups at 400× magnification. The ILB4-positive area (μm^2^) in the lungs from control (white bar; n = 6), CDH (black bar; n = 6), and CDH + ONO-1301SR-treated (gray bar; n = 5) pups was calculated (**D**). The values are expressed as the mean ± SEM. \* 0.01 \< *P* \< 0.05, \*\*\* *P* \< 0.001 versus control fetuses; \# 0.01 \< *P* \< 0.05 versus nitrofen-CDH fetuses.](pone.0161334.g007){#pone.0161334.g007}

Upregulation of therapeutic factors in the CDH lung by prenatal ONO-1301SR treatment {#sec017}
------------------------------------------------------------------------------------

The expression of VEGF, HGF, and SDF-1 in the CDH fetal lungs was assessed by quantitative RT-PCR and western blotting. The gene expression of *Vegf* and *Sdf1* did not differ between the CDH lungs without ONO-1301SR treatment and the control lungs, whereas *Hgf* expression was significantly higher in the untreated CDH lungs than in the controls. In contrast, the CDH lungs receiving ONO-1301SR treatment displayed significantly higher *Vegf*, *Hgf*, and *Sdf1* gene expression than the lungs without ONO-1301SR or the controls ([Fig 8A--8C](#pone.0161334.g008){ref-type="fig"}).

![Upregulation of therapeutic factors in lungs with congenital diaphragmatic hernia (CDH) following prenatal ONO-1301SR treatment.\
Relative gene expression of *Vegf* (**A**), *Hgf* (**B**), and *Sdf1* (**C**) in the lungs from control (white bars; n = 5), CDH (black bars; n = 5), and CDH + ONO-1301SR-treated (gray bars; n = 5) pups. The average copy number of gene transcripts was normalized to that of the *Gapdh* gene. The values are expressed as the mean ± SEM. \* 0.01 \< *P*\<0.05, \*\*\* *P* \< 0.001 versus control fetuses; \# 0.01 \< *P* \< 0.05 versus nitrofen-CDH fetuses. Representative immunoblots of VEGF protein levels in fetal lungs from the control, CDH, and CDH + ONO-130-treated pups (**D**).](pone.0161334.g008){#pone.0161334.g008}

Western blotting revealed that VEGF protein expression in the CDH lungs without ONO-1301SR treatment was lower than that in the controls and that VEGF protein expression in CDH lungs receiving ONO-1301SR treatment was comparable to that of the controls ([Fig 8D](#pone.0161334.g008){ref-type="fig"}).

Discussion {#sec018}
==========

This study demonstrated that maternally administered ONO-1301SR entered the fetal blood through the placenta to enhance both alveolar and vascular development of the fetal lungs in the nitrofen-induced CDH rat model. Nitofen-induced CDH was successfully generated regardless of ONO-1301SR treatment. LW/BW was significantly higher in the ONO-1301SR-treated fetuses than in those without the treatment, in association with increased total DNA and protein contents in the fetal lungs. In addition, the pulmonary airspace and Ttf-1-positive alveolar epithelial cell numbers were significantly higher following ONO-1301SR treatment when compared to fetal lungs without the treatment. Furthermore, the medial wall thickness of the PA was preserved in the ONO-1301SR-treated group, and this effect was associated with fewer Ki-67-positive SMA double-positive cells in the PA wall relative to the no-treatment group. In addition, the ILB4-positive pulmonary vascular bed was significantly increased following ONO-1301SR treatment compared to the level without treatment. The expression of VEGF, HGF, and SDF-1 in the lungs was also significantly increased following ONO-1301SR treatment relative to the levels without treatment.

CDH is a congenital malformation causing severe respiratory distress with an incidence of approximately one per 2,000 live births \[[@pone.0161334.ref013]\], and it is associated with high mortality and morbidity rates \[[@pone.0161334.ref014]\]. The major pathology of this malformation is lung hypoplasia characterized by abnormalities in the alveolar/airway and vascular networks in the lung, and the degree of lung hypoplasia determines the clinical outcome of CDH \[[@pone.0161334.ref015]\]. Because CDH is prenatally diagnosed by ultrasonography in approximately 60% of cases \[[@pone.0161334.ref016]\], prenatal treatments for severe CDH have been advocated as theoretically ideal. Accordingly, a surgical approach by fetal endoscopic tracheal occlusion therapy, which is expected to enhance airway branching morphogenesis and pulmonary vasculature maturation, has recently been introduced as a prenatal treatment for severe CDH; however, the therapeutic efficacy of this treatment is reportedly inconsistent at least in part because of procedural variability \[[@pone.0161334.ref017], [@pone.0161334.ref018]\]. In addition, this treatment carries significant risks related to the surgical procedures, including preterm delivery. Thus, pharmacological approaches targeting lung development in the fetal period are being explored as non-invasive alternatives \[[@pone.0161334.ref012], [@pone.0161334.ref019], [@pone.0161334.ref020]\].

Hypoplastic lungs associated with CDH display pathologic abnormalities of major components such as the alveolar epithelium, airway, and vascular network. Notably, development of the alveolar epithelium and vascular network is known to be affected by expression of a variety of factors, including VEGF and HGF, in the prenatal period \[[@pone.0161334.ref021]--[@pone.0161334.ref025]\]. For example, infants with CDH present with a small airway space and low vessel number with abnormally muscularized PAs in association with reduced expression of angiogenic factors \[[@pone.0161334.ref026], [@pone.0161334.ref027]\]. The nitrofen-induced CDH rat model used in this study has been shown to pathologically and biologically mimic human lung hypoplasia associated with CDH, including the immature development of alveolar and vascular networks and muscularized PAs with reduced expression of angiogenic factors as further shown in this study. Direct and indirect supplementation of angiogenic factors to the fetus has therefore been examined using this model. In particular, prenatal maternal administration of sildenafil was reported to increase VEGF expression in the fetal lungs and attenuate the observed pulmonary vascular abnormalities \[[@pone.0161334.ref012]\], suggesting a possible "drug-repositioning" strategy of applying sildenafil to CDH. However, the outcomes of clinical studies have not yet been reported.

The present study explored the feasibility, safety, and therapeutic efficacy of maternal single injection of ONO-1301SR for treating CDH fetuses using the nitrofen-induced CDH rat model. In this study, ONO-1301 was shown to successfully enter the fetal blood, targeting its specific receptor, IPR, which is expressed in the vascular endothelium and smooth muscle cells in the fetal lung, to increase HGF, VEGF, and SDF-1 expression in the lung. The mechanisms underlying the effects of ONO-1301SR treatment are therefore considered to be chiefly angiogenic factor-related, as previously observed in the sildenafil study described above. The observed reduction of pulmonary arterial wall thickness in the CDH fetuses following treatment might represent a direct effect of the prostacyclin pathway \[[@pone.0161334.ref028]\] or indirect effects exerted through thromboxane A2 synthase inhibitory activity \[[@pone.0161334.ref029]\]. Effects of ONO-1301 on arterial wall thickness associated with pulmonary arterial hypertension consistent with the results of the present study have been previously reported \[[@pone.0161334.ref005]\].

Our results suggest that this treatment protocol might be suitable for clinical use. A clear advantage of ONO-1301SR treatment is that its effects are achieved by a single subcutaneous injection to the mother every 3 months. Previous reports exploring maternal interventions for treating fetal lung hypoplasia proposed frequently repeated or continuous administration of drugs such as sildenafil, imatinib, or bombesine. In addition, the dose and administration timing of ONO-1301SR were optimized prior to the present study. Several doses of ONO-1301SR (3, 10, or 30 mg/kg) and times for the treatment (E9.5, E11.5, or E13.5) were tested to enable selection of the most effective dose (30 mg/kg) and timing (E9.5) (data not shown).

In this study, administration of nitrofen and ONO-1301SR was conducted at E9.5, which corresponds to the period of organogenesis of rats. In addition, nitrofen induces various abnormalities of several organs such as the lung, diaphragm, heart, and kidney, which are also the therapeutic target organs of ONO-1301. Therefore, ONO-1301 might have a potential therapeutic effect for these organs as well. In this study, we did not examine the changes of the heart and kidney, and only focused on changes in the diaphragm and lung between groups treated with and without ONO-1301SR, which is indeed one of the limitations of this study. Moreover, there were no maternal complications associated with single injection of ONO-1301SR, such as death, infection, bleeding, behavioral alterations, or premature birth. Although proof of concept was established in this study, optimum timing of ONO-1301 SR administration and its dose are crucial tasks for clinical application of this treatment, needs to be investigated by several issues, such as diagnosis or maternal conditions taken into account. Further studies using large animal models or toxicity testing based on Good Laboratory Practice standards should be performed prior to launching clinical studies.

In conclusion, prenatal ONO-1301SR administration was protective against the progression of lung hypoplasia associated with CDH in the nitrofen-induced rat model, indicating the potential of this treatment for pathologies exhibiting lung hypoplasia.
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